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Abstract: Walker’s Manihot, Manihot walkerae, is an endangered plant that is endemic to the
Tamaulipan thornscrub ecoregion of extreme southern Texas and northeastern Mexico. M. walkerae
populations are highly fragmented and are found on both protected public lands and private property.
Habitat loss and competition by invasive species are the most detrimental threats for M. walkerae;
however, the effect of climate change on M. walkerae’s geographic distribution remains unexplored
and could result in further range restrictions. Our objectives are to evaluate the potential effects
of climate change on the distribution of M. walkerae and assess the usefulness of natural protected
areas in future conservation. We predict current and future geographic distribution for M. walkerae
(years 2050 and 2070) using three different general circulation models (CM3, CMIP5, and HADGEM)
and two climate change scenarios (RCP 4.5 and 8.5). A total of nineteen spatially rarefied occurrences
for M. walkerae and ten non-highly correlated bioclimatic variables were inputted to the maximum
entropy algorithm (MaxEnt) to produce twenty replicates per scenario. The area under the curve
(AUC) value for the consensus model was higher than 0.90 and the partial ROC value was higher
than 1.80, indicating a high predictive ability. The potential reduction in geographic distribution for
M. walkerae by the effect of climate change was variable throughout the models, but collectively they
predict a restriction in distribution. The most severe reductions were 9% for the year 2050 with the
CM3 model at an 8.5 RCP, and 14% for the year 2070 with the CMIP5 model at the 4.5 RCP. The future
geographic distribution of M. walkerae was overlapped with protected lands in the U.S. and Mexico
in order to identify areas that could be suitable for future conservation efforts. In the U.S. there are
several protected areas that are potentially suitable for M. walkerae, whereas in Mexico no protected
areas exist within M. walkerae suitable habitat.
Keywords: endangered; climate change; species geographic distribution modeling; conservation;
protected areas

1. Introduction
Anthropogenic activities have had a significant influence on the geographic distribution, rate of
extinction, and endangerment of many of the world’s plant species [1]. These activities have led to the
fragmentation and destruction of plant habitats, as well as the introduction of invasive competitors and
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pests [2]. Climate change is also having resonant impacts on plants and wildlife [3–5]. It is predicted
that there will be a shift in the distribution of plants towards higher elevations and latitudes to attempt
to cope with the changing climate. However, for plants that are rare, endemic, have lower dispersion
distances, or persist in fragmented areas, this transition will be difficult, and they will tend instead
toward extinction [5,6]. A plant’s suitable habitat and distribution is dependent on temperature along
with other environmental factors, and with changing temperatures they are expected to expand or
restrict [7,8]. Invasive plant species that find higher temperatures favorable are expanding in range and
out-competing native species [9], while many endemic plants are projected to lose their suitable habitat
and are facing extinction. According to the Intergovernmental Panel on Climate Change (IPCC) global
temperatures are projected to increase, with heat waves and heavy precipitation events becoming more
frequent [10]. For endemic plants that are already faced with habitat fragmentation and competition by
invasive species, climate change could act as a catalyst for extinction [6,9,11–13].
Species distribution models (SDM) are useful tools in conservation planning and management to
project the effects that climate change could have on an endangered species’ distribution [7,14,15]. As our
global awareness on climate change increases, SDM have progressively been used to project the effect
of climate change on the distribution of invasive pests, pathogens, and endangered species [14,16–22].
Increasingly, studies have also started assessing the effectiveness of protected areas at conserving
endangered species at present and in the future by incorporating climate change SDM [18–23]. One study
conducted by Vieilledent et al. (2013) explored the effects of climate change on three endangered
species of Madagascar (Adansonia grandidieri Baill, Adansonia perrieri Capuron and Adansonia suarezensis
H. Perrier) and how climate change would modify the effectiveness of protected areas in the future.
It was found that in the future, as a result of climate change, no protected areas were viable for
conserving two of these species, which puts them at risk of future extinction [19].
Walker’s Manihot, Manihot walkerae Croizat (Euphorbiaceae), is a rare plant species that is endemic
to the Lower Rio Grande Valley (LRGV) of Texas and northeastern Tamaulipas, Mexico [24–27].
Collectively, they compose part of the Tamaulipan thornscrub ecoregion, a highly biodiverse area that
is home to unique endemic species of plants and animals of which nineteen are federally threatened
or endangered and nearly 60 are state-protected species [27–29]. Habitat destruction, fragmentation,
herbicide application, overgrazing, herbivory by native and introduced wildlife, surface mining of
caliche, petroleum and natural gas exploration, urban and residential development, and competition
by invasive plant species are risk factors that affect M. walkerae [24–26]. With over 95% of the focal
region’s Tamaulipan thornscrub modified or destroyed, native species of plants and wildlife are faced
with the loss of their habitat [27–29]. Part of the Tamaulipan thornscrub ecoregion is found in the
southwestern United States, where the greatest temperature increase of any area in the lower 48 states
is predicted to occur [11,25]. Additionally, semi-arid areas like the Tamaulipan thornscrub might also
experience a decrease in water resources due to climate change. This potential development could have
adverse effects on native species by restricting their range and increasing the competitive advantage
of invasive species [10,25], such as Cenchrus ciliaris buffelgrass [25,30], one of the most detrimental
invasive species in the Tamaulipan thornscrub ecoregion and for M. walkerae [24–27].
Manihot walkerae is a perennial vine-like subshrub that is found in semiarid, shaded shrublands
on xeric slopes and uplands, often on overexposed caliche outcrops [24–28]. M. walkerae serves an
ecological role in the Tamaulipan thornscrub ecoregion and shares species interactions with native
wildlife [27]. Additionally, M. walkerae is a wild relative of the widely utilized agricultural crop Cassava
(Manihot esculenta). Cassava is a staple worldwide and serves many roles in food, biofuel, and industrial
uses [31–33]. A major problem for the Cassava agricultural industry is post-harvest deterioration,
a condition which limits the time that Cassava is viable for consumption after its harvest. Studies have
found that hybridizing M. walkerae with Cassava has resulted in a tuber that is more resistant to post
harvest deterioration [31–33]. Furthermore, M. walkerae possesses genes that are resistant to prominent
diseases of Cassava, such as Cassava brown streak and Cassava bacterial blight, and it also contains
genes for cold resistance [24]. Given the benefits that the genetic constituents of M. walkerae provide,
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it is a crop wild relative (CWR) of great use to improve longevity and disease resistance in Cassava
and its extinction could have negative effects on the future of this crop as its genetic diversity would
no longer exist [34].
The objectives of this paper were to evaluate the potential effects of climate change on the
geographic distribution of M. walkerae and assess the usefulness of natural protected areas in future
conservation. As M. walkerae occurrence data is limited with only a few historical populations
documented, we used the maximum entropy algorithm MaxEnt to construct models of its current and
future distribution because (1) it uses presence-only data, (2) uses both continuous and categorical data
as environmental variables, and (3) its prediction accuracy is reliable even with small sample sizes and
gaps [35]. We constructed models of the current and future geographic distribution of M. walkerae for
the years 2050 and 2070 using three different general circulation models (CM3, CMIP5, and HADGEM)
and two climate change scenarios (RCP 4.5 and 8.5). The geographic distribution consensus models
were overlapped with polygons of protected areas in Texas and Mexico to assess the effects of climate
change on the effectiveness of protected areas in conserving M. walkerae in the future. We hypothesize
that the most severe emission scenario will lead to a more pronounced reduction of distribution and
that climate change could reduce the effectiveness of protected areas at conserving M. walkerae in the
future. We expect that the results of this modeling exercise can be used to set sound conservation plans
for this species.
2. Materials and Methods
2.1. Occurrence Data
Occurrence data were obtained from three different sources: (1) Historical populations identified
according to Source Features (SF; observations) shapefiles and Element Occurrences (EO) provided by
the Texas Natural Diversity Database (TXNDD) (TXNDD 2016). SF and EO are matched with shapes
and shapefiles using key identificatory fields (IDs). The EO ID represents populations and contains
the complete information that TXNDD has for Manihot walkerae. (2) Non-digital data in the form of
reports, handwritten notes, pictures and maps obtained from the Texas Parks and Wildlife Department
(TPWD). (3) Shapefiles provided by expert botanists that contain precise latitude and longitude data
for parcels within the Lower Rio Grande Valley National Wildlife Refuge.
All gathered occurrences were converted into decimal degrees and after removing duplicates
and outliers that lay outside the Tamaulipan thornscrub ecoregion study area, the total number
of occurrences for M. walkerae was 399 (Figure 1). We reduced geographic autocorrelation for the
occurrences using the “spatially rarefy occurrence data” tool in the SDM toolbox version 2.2 [36] at a
distance of 4-km. The resulting number of spatially rarefied occurrences was 19 and these were used to
generate models through MaxEnt (Figure 1).
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variables for three general circulation models (GCM): HadGEM2 (Hadley Centre for Climate Prediction and
future bioclimatic variables for three general circulation models (GCM): HadGEM2 (Hadley Centre for
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Climate Prediction and Research), CMIP5 (Coupled Model Intercomparison Project Phase 5), and CM3
(Geophysical Fluid Dynamic Laboratory), and for the two representative concentration pathways:
4.5 watts/m2 and 8.5 watts/m2 . These scenarios were developed by the International Panel on Climate
Change (IPCC) based on levels of accumulation of greenhouse gas emissions, agriculture area, and air
pollution [39,40]. The 4.5 RCP represents an intermediate emissions scenario where temperatures
are predicted to increase by approximately 1.5 ◦ C by the end of the 21st century, while the 8.5 RCP
represents the most severe scenario with an expected increase of over 2 ◦ C by the end of the 21st
century [40].
The bioclimatic variables (Table 1) were cut to fit the Tamaulipan thornscrub ecoregion through
ArcGIS [41]. Highly correlated environmental variables with a correlation value above 0.8 were
excluded using the “remove highly correlated variables” tool in the SDM toolbox [36]. Ten of the
nineteen bioclimatic variables were found as “not-highly” correlated and were used to create the
models (Table 1).
Table 1. Available and used (bold) bioclimatic variables for modeling of the present and future potential
suitable habitat of M. walkerae. The percent contribution of each of the low correlated variables to the
present potential suitable habitat model is also included.
Variable

Explanation

% Contribution

BIO1
BIO2
BIO3
BIO4
BIO5
BIO6
BIO7
BIO8
BIO9
BIO10
BIO11
BIO12
BIO13
BIO14
BIO15
BIO16
BIO17
BIO18
BIO19

Annual Mean Temperature
Mean Diurnal Range (Mean of monthly (max temp-min temp))
Isothermality (BIO2/BIO7) × 100
Temperature Seasonality (standard deviation × 100)
Max Temperature of Warmest Month
Min Temperature of Coldest Month
Temperature Annual Range (BIO5-BIO6)
Mean Temperature of Wettest Quarter
Mean Temperature of Driest Quarter
Mean Temperature of Warmest Quarter
Mean Temperature of Coldest Quarter
Annual Precipitation
Precipitation of Wettest Month
Precipitation of Driest Month
Precipitation of Seasonality (Coefficient of Variation)
Precipitation of Wettest Quarter
Precipitation of Driest Quarter
Precipitation of Warmest Quarter
Precipitation of Coldest Quarter

37.1
0.3
1

20.3

0
7.1
0
2.1
13.7

18.3

2.3. Running MaxEnt and Creating Consensus Models
The nineteen spatially rarefied occurrences along with the ten low correlated bioclimatic variables
were inputted in MaxEnt (version 3.4.1) using default parameters and the bootstrap function.
Furthermore, a jackknife test was included to assess the contributions of the bioclimatic variables to the
model, twenty replicates were run for the current scenario and for each of the three general circulation
models at 4.5 and 8.5 RCP for the years 2050 and 2070 [37]. Consensus models were produced from
the twenty replicates following the works of Marmion et al. (2008) [42]. Each consensus model was
then converted into a binary model using the reclassify tool and the “Fixed Cumulative Value 10”
threshold acquired from the MaxEnt results since it was a low threshold value which resulted in a
wider distribution for M. walkerae and close to zero omission error [43].
2.4. Calculating Percent Change of Geographic Distribution and Model Evaluation
The difference in distribution between the present distribution model and each respective future
climate change binary model was calculated in km2 through ArcGIS as each pixel has a spatial
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resolution of 1 km2 . Consequently, the percentage of change in geographic distribution was calculated
for each climate change scenario by subtracting the amount of suitable habitat for M. walkerae in km2
from the amount of unsuitable habitat within the study area which was then multiplied by a 100 and
divided by the present suitable habitat (Table 2).
Table 2. Percent change of geographic distribution for Manihot walkerae between the current model and
the future projected climate change models for the years 2050 and 2070.
2050
Present

Suitable
75,901
Area km2
% Change

RCP 4.5

RCP 8.5

CM3

CMIP5

HadGEM

CM3

CMIP5

HadGEM

88,186

88,571

66,345

59,657

72,352

73,870

+7.20

+7.42

−5.60

−9.52

−2.08

−1.19

2070
Present

Suitable
75,901
Area km2
% Change

RCP 4.5

RCP 8.5

CM3

CMIP5

HadGEM

CM3

CMIP5

HadGEM

63,995

51,398

71,449

52,653

65,156

68,845

−6.98

−14.37

−2.61

−13.63

−6.30

−4.13

Receiver Operating Characteristics (ROC) were used to evaluate the model based on the area under
the curve (AUC) and partial ROC (pROC) values. The AUC is used to evaluate a model’s predictive
ability where values range from 0 to 1, with those closer to 1 indicating models with a good predictive
ability and a value of 0.5 representing a random predictive ability [44]. However, the reliability of the
AUC to evaluate models has been brought into question for several reasons summarized by Lobo et al.
(2007) [45]. Therefore, we also calculated pROC as an additional statistic to evaluate the model [46]
using NicheToolbox, an application that facilitates its calculation [47].
2.5. Protected Areas Maps
The intersect tool in geographic information systems (ArcGIS) was used to overlap the present
potential distribution consensus model with the CIMP5 RCP 4.5 2070 consensus model to determine
the portions of the study area that were lost as a result of climate change. The CMIP5 RCP 4.5 2070
consensus model was chosen as it had the highest calculated loss of distribution. The area that was lost
as a result of climate change was overlapped with polygons of protected areas in Texas and Mexico
using ArcGIS to assess if the protected areas were affected by climate change. The protected areas in the
U.S. were TPWD lands, and U.S. Fish and Wildlife Service (USFWS) Lower Rio Grande Valley National
Wildlife Refuge tracts (LRGV NWR) downloaded from the TPWD GIS database, while for Mexico we
used Natural Protected Areas and Priority Terrestrial Regions from the CONABIO data base.
3. Results
The AUC and pRCOC values of the final distribution consensus model produced from ten
low correlated bioclimatic variables and nineteen spatially rarefied occurrences was 0.925 and the
pROC value was 1.874, indicating that the model has a predictive ability that is better than random,
and that overlapped well with known occurrences for Manihot walkerae (Figure 2). Areas of high
suitability shown in red are found primarily along the Texas–Mexico boundary and extend towards
the southeastern portion of the Tamaulipan thornscrub ecoregion (Figure 2). The variables shown
to contribute the most to the model from the jackknife test were Annual Mean Temperature (BIO 1),
Temperature Annual Range (BIO 7), Precipitation of Coldest Quarter (BIO 19), Annual Precipitation
(BIO 12), and Precipitation of Seasonality (BIO 15), which collectively contributed 96.5% to the
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model (Table 1). The bioclimatic variables that contributed least were Mean Diurnal Range (BIO 2),
Isothermality
3), REVIEW
Precipitation of Wettest Month (BIO 13), and Precipitation of Driest7 Month
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and partial receiver operating characteristics (pROC) values for this model are 0.925 and 1.874, indicating
the curve (AUC) and partial receiver operating characteristics (pROC) values for this model are 0.925
good performance.
and 1.874, indicating good performance.
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4. Discussion
The models produced show that with good predictive ability the potential geographic distribution
for Manihot walkerae in the years 2050 and 2070 could be slightly reduced as a result of climate
change. As a consensus, the future climate change models show a restriction in future distribution for
Manihot walkerae with the lowest loss of distribution calculated as −2.08% for the year 2050 with an RCP
of 8.5, and the highest, −14.37%, for the year 2070 with an RCP of 4.5, whereas for two of the future
climate change scenarios at an RCP of 4.5 for the year 2050, it is predicted that there could be a potential
increase of approximately 7% in distribution (Table 2). Similarly, another SDM study conducted in
the Chihuahan desert found that some endemic plants were shown to be affected by climate change
and expanded in distribution [48]. The areas that were shown to be most affected by climate change
were those in the northeastern and southernmost portions of the Tamaulipan Thornscrub ecoregion
(Figures 3–5). Although there are no documented occurrences of M. walkerae in these regions, there are
some protected lands within the area that was lost and it is predicted that they will not be suitable for
M. walkerae in the future (Figures 5 and 6). This potential outcome could limit success in the future for
conservation efforts such as reintroduction. Successful reintroduction of M. walkerae to increase the
number of populations of this species would be best in areas that are predicted to have high potential
for geographic distribution. Areas that have a high potential for geographic distribution also have
the highest potentially suitable habitat for a said species. Species distribution modeling has been
used as a tool for reintroduction of endangered species when models show the areas have potentially
suitable habitat for a given species [21,22]. In Texas, there are several protected lands that have high
potential for geographic distribution for M. walkerae and that are predicted to be unaffected by climate
change (Figure 5). These protected lands could be used for future conservation efforts such as the
reintroduction of M. walkerae. In Mexico, currently there are no protected lands that lie within the
areas that are potentially suitable for M. walkerae, making the future of this species in Mexico uncertain.
In order for successful conservation efforts to be conducted in Mexico, relationships with private
landowners that agree to conserve M. walkerae on their property would have to be formed.
Some limitations of our study are that we relied solely on bioclimatic variables for our modeling
and that we used a small number of occurrences to create our models. Using bioclimatic variables
for climate change modeling is common and has been used to model the effects of climate change
on the distribution of different species of plants and animals, some of which are endangered and
restricted [23,48,49]. Including static topographic variables could have improved the reliability of our
models, but in some instances, such as when topographic variables like elevation and bioclimatic
variables are highly correlated, they could hinder the statistic reliability of the model [50]. In the
case of our study, we obtained AUC and pROC values that were higher than random indicating that
even though we used a low number of occurrences and bioclimatic variables, these models could
serve as a good reference for future conservation plans for Manihot walkerae. Most importantly, these
models show that although there are some protected areas that could conserve this species in southern
Texas, in Mexico there are no conservation areas that lay within M. walkerae historical occurrences
or predicted current and future distribution. A probable reason why there are no protected areas for
this species can be attributed to a lack of sufficient data on its biotic inventory, species ecological
requirements, and species distribution patterns [51]. This study provides valuable information for
M. walkerae’s distribution and can allow for an inference of some of the ecological requirements of this
species. The results of the jackknife procedure show that temperature and precipitation are important
influencers of M. walkerae’s distribution.
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Although there is a growing collective awareness for the effects of climate change on the world’s
species, most of the attention is focused on those that are used in agriculture or provide a direct threat
or benefit to humans [52]. There is scarce research done so far that contributes to the conservation of
endemic endangered species of the Tamaulipan thornscrub, especially when it applies to rare plant
species that are generally unknown. As human populations continue to grow in South Texas and
northeastern Mexico, it is probable that there will be a reduction of suitable habitat for M. walkerae
due to land cover change. As climate change is not predicted to be an imminent threat to M. walkerae
populations, but could act synergistically with other harmful factors that threaten this species (e.g.,
loss of genetic diversity), future studies exploring the effects of land cover change on this species would
be of great use for conservation efforts. Although most occurrences for M. walkerae in Texas show a
close distribution to the U.S.–Mexican border, there is one population further north which is isolated
from the others. We constructed models where we omitted this record and found that omitting it did
not have an effect on M. walkerae’s predicted distribution, we decided to include it in our study since
it is a historical record for this species. Unfortunately, this population exists within private property
which restricts our access to this population for potential field studies. Additionally, given that there is
a lack of connectivity from this population to other historical occurrences that are located near the
U.S.–Mexican border, there is some uncertainty on whether this population is native or could have
been introduced. Furthermore, an approaching threat for M. walkerae and other native species of the
Tamaulipan thornscrub ecoregion is the impending construction of additional border wall segments,
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which are expected to exasperate fragmentation as well as increase anthropogenic disturbance in the
known current distributional range [53]. Collectively, the results of this study show that climate change
can potentially have an effect on the geographic distribution of this endangered species and although
it is not known if the distribution could expand or restrict, protected areas are essential for conserving
M. walkerae and we recommend that the geographic distribution of this species be taken into account
when
designating
protected
areas in Mexico and southern Texas.
Forests
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5. Conclusions
Some limitations of our study are that we relied solely on bioclimatic variables for our modeling
and that we used a small number of occurrences to create our models. Using bioclimatic variables for
In conclusion, this work brings to light the potential effects that climate change could have on the
climate change modeling is common and has been used to model the effects of climate change on the
geographic distribution of the endangered species Manihot walkerae. An endemic of the Tamaulipan
distribution of different species of plants and animals, some of which are endangered and restricted
thornscrub ecoregion, it shares ecological relationships with other native species, and also provides
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Although there is a growing collective awareness for the effects of climate change on the world’s
species, most of the attention is focused on those that are used in agriculture or provide a direct threat
or benefit to humans [52]. There is scarce research done so far that contributes to the conservation of
endemic endangered species of the Tamaulipan thornscrub, especially when it applies to rare plant
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